Human decidual CD14 ؉ macrophages and CD56 ؉ NK cells were isolated from material obtained after first-trimester pregnancy terminations. Each cell type expressed a specific surface receptor for histocompatibility leukocyte antigen (HLA)-G (an MHC class Ib protein that is expressed on extravillous trophoblasts), LILRB1 on CD14 ؉ macrophages and KIR2DL4 on CD56 ؉ NK cells. Cross-linking with anti-LILRB1 or anti-KIR2DL4 resulted in up-regulation of a small subset of mRNAs including those for IL-6, IL-8, and TNF␣ detected using a microarray representing 114 cytokines. Incubation with transfectants expressing the HLA-G homodimer (but not with transfectants expressing the HLA-G monomer) resulted in secretion of the same cytokine proteins from both leukocyte sets. Moreover, cytokine secretion from both leukocyte sets was blocked by both the appropriate anti-receptor mAb and by anti-HLA-G. The amount of these cytokines secreted by decidual macrophages was substantially greater than that secreted by decidual NK cells. VEGF was constitutively secreted by both cell types. LILRB1, which contains an immunoreceptor tyrosine-based switch motif, functions here as an activating receptor, although it has been known as an inhibitory receptor. KIR2DL4 also functions as an activating receptor, although it also has the potential to function as an inhibitory receptor. Secretion of proinflammatory and proangiogenic proteins supports a role for these leukocytes in important processes that are essential for successful pregnancy, but they may represent only a portion of the proteins that are secreted.
T
he human fetus expresses paternally encoded and maternally encoded molecules. As such, it is a hemiallogeneic graft with respect to the mother but is not rejected, an immunological paradox first pointed out by Medawar in 1953 (1) . Twenty-five years later it was discovered that the highly polymorphic class I MHC molecules histocompatibility leukocyte antigen (HLA)-A and -B, potentially the primary immunological obstacle to successful pregnancy, are not expressed on the extraembryonic tissues in direct contact with maternal tissues (2) . Villous cytotrophoblasts and syncytiotrophoblasts, which are in direct contact with maternal blood in the intervillous space, express neither class I nor class II MHC molecules. Although the extravillous trophoblasts (EVT), which migrate deep into the maternal decidua where they encounter maternal leukocytes, are also HLA-A-and -B-negative, they do express the classical class I MHC molecule, HLA-C, and the nonclassical class I molecules HLA-E, -F, and G (3-7). All of the latter three are nonpolymorphic and are encoded telomeric of the HLA-A locus. HLA-C and HLA-E function to stimulate the inhibitory KIR and CD94/NKGA receptors found on NK cells, respectively (8) . The function of HLA-F is unknown.
Although HLA-G has long been known to be uniquely expressed on EVT (9) (10) (11) , its role in the placenta is still unclear. HLA-G is unique in two ways: (i) It has only a ''stub'' for a cytoplasmic tail. As a result, it does not undergo endocytosis and is unusually stable at the cell surface (12) . (ii) It has two free cysteine residues (Cys-42 and Cys-147) unlike other class I MHC proteins. We reported earlier that the bacterial recombinant soluble form of HLA-G formed a disulfide-linked homodimer with the intermolecular Cys-42-Cys-42 disulfide bond (13) . In addition, surface-expressed HLA-G on transfectants also formed a disulfide-linked dimer, but the dimer was not present on the low-expressing HLA-G ϩ Jeg3 choriocarcinoma cell line that is derived from EVT (13, 14) . However, the membranebound HLA-G homodimer, sometimes called G1, was recently shown to be the major form expressed by isolated EVT (14) . It is unlikely that any of the other forms G2-G7 that have been postulated to result from alternative gene splicing occur as physiologically relevant proteins, with the possible exception of G5, soluble HLA-G (15) (16) (17) . Recent observations from several groups (18) (19) (20) (21) suggest that at least one function of HLA-G could be to modulate cytokine secretion from decidual leukocytes to induce immune tolerance, control EVT invasion, and/or contribute to vascular remodeling of spiral arteries to allow for successful embryo implantation and pregnancy maintenance.
Leukocytes, consisting primarily of NK cells and macrophages, infiltrate the uterine mucosa and populate the luteal/ secretory phase endometrium. They are maintained in the decidua after implantation. Decidual NK cells exhibit a distinct phenotype (CD56 bright CD16 Ϫ CD3 Ϫ ) that differs from the majority of peripheral blood NK cells (CD56 dim CD16 ϩ CD3 Ϫ ). The unusual phenotype and relatively large number of these CD56 bright CD16 Ϫ NK cells set them apart from normal peripheral blood NK cells. They represent Ϸ70% of the leukocytes found in decidua, whereas the number of NK cells with this unusual CD56 bright phenotype among peripheral lymphocytes is Ϸ5%. Most of the remaining populations of leukocytes in the decidua are CD14 ϩ macrophages (20-30%) and CD3 ϩ T cells (5-15%). They have not been studied in as much detail as decidual NK cells.
The HLA-G receptors reported on these leukocytes to date are the leukocyte Ig-like receptors (LILR) B1 and B2 [formerly known as Ig-like transcripts (ILT) 2 and 4] expressed on macrophages, killer cell Ig-like receptor (KIR) 2DL4 expressed on NK cells, and possibly CD160 (22) (23) (24) . Previous reports clearly demonstrated that LILRB1 and LILRB2 preferentially bind to HLA-G relative to other classical class I MHC proteins such as HLA-A2 (25) . HLA-G has a much higher affinity for LILRB1 than LILRB2 (26, 27) . A recent structural study showed that the HLA-G dimer binds with greater avidity to LILRB1/2 and signals more strongly through LILRB than monomeric HLA-G and other class I MHC proteins (25) . The disulfide-linked dimer exhibits an oblique configuration exposing two upward facing binding sites on the ␣3 domain of the HLA-G heavy chain. CD8 also binds to HLA-G and competes with LILRB for binding to this site. These sites are readily accessible to receptors, explaining the increased avidity (26) . However, no crystal structure of an HLA-G homodimer complexed with a LILRB protein has been published, although one for the HLA-G monomer-LILRB2 complex was reported (28) . The HLA-G dimer modulates the function of LILRB1-expressing antigen-presenting cells (macrophages) by principally binding to LILRB1. Therefore, the HLA-G dimer presumably has a pivotal role in vivo at the maternal-fetal interface compared with the monomeric form. In the periphery, LILRBs are also expressed by peripheral T and B lymphocytes and by NK cells and monocytes (29) .
KIR are a second group of Ig-like receptors encoded in the same chromosomal region as LILR receptors. KIR2DL4 has an unusual structure relative to the other members of this group, having a D0-D2 configuration of its Ig domains and a transmembrane region encoding an arginine residue and a long cytoplasmic region encoding an ITIM (23, 30) . Remarkably, it is also a specific receptor for HLA-G (23) . No structural study of its interaction with HLA-G has been reported.
The purpose of the present work was to investigate the expression of LILRB1 and KIR2DL4 on decidual macrophages and NK cells and to assess the possibility that the HLA-G monomer and/or dimer might induce cytokine secretion through these receptors.
Results

Surface Expression of LILRB1 and KIR2DL4 on Decidual and Peripheral
Macrophages and NK Cells. Decidual leukocytes were prepared by using material obtained from first-trimester pregnancy terminations (31 FACS analysis was carried out by using antibodies to the two receptors, LILRB1 (mAb GHI75, anti-ILT2) and KIR2DL4 (mAb 33) (32) , that have been reported to be important in recognizing HLA-G. LILRB1 was expressed at a moderate level on CD14 ϩ decidual macrophages and at a comparable level on CD14 ϩ peripheral monocytes (Fig. 1 ). Low-level expression was found on both decidual and peripheral CD56 ϩ NK cells. Similarly, a moderate level of KIR2DL4 expression was found on decidual NK cells. Very low-level expression was found on peripheral NK cells, as reported (18) . No surface expression of KIR2DL4 could be detected on either decidual CD14 ϩ macrophages or peripheral CD14 ϩ monocytes (Fig. 1 ).
Cytokine mRNA Expression by Decidual CD14 ؉ Macrophages and CD56 ؉ NK Cells after Cross-Linking with Anti-LILRB1 or Anti-KIR2DL4 mAb or with HLA-G Homodimer. CD14
ϩ Decidual macrophages, 3 ϫ 10 5 cells, were incubated with anti-LILRB1 (mAb GHI75) for 30 min followed by the addition of goat anti-mouse IgG and further incubation for 5 h. Total RNA was extracted, transcribed into cDNA, and then into cRNA by using biotinylated UTP for detection. cRNA was hybridized to the common cytokine array containing 60-mer DNA probes on a small chip representing 114 cytokines ( Next, the same procedure was carried out, but the CD14 ϩ cells were stimulated by coincubation with three different cells for 5 h: 721.221 cells (a B lymphblastoid cell line that lacks expression of all MHC proteins) as control, the same cells transfected with a mutant HLA-G (C42S) in which the cysteine required for homodimerization was mutated to serine, and finally with the unmutated HLA-G cDNA (4C4) in which 90% of the surface expressed HLA-G is the homodimer and 10% the monomer (13) . Similar results were obtained as with antibody cross-linking with up-regulation of mRNA for proinflammatory cytokines (IL-1␣, IL-1␤, IL-6, IL-8, and TNF␣) seen with the HLA-G homodimer (Figs. S1 and S2). In addition to the proinflammatory cytokines, IL-14 was a prominently expressed cytokine. However, the variability observed after incubation with 721.221 cells and its transfectants was much greater and the signal somewhat weaker than that seen on cross-linking with mAb, and statistical significance compared with controls was not reached for any cytokine with four microarrays. CD56 ϩ decidual NK cells, 3 ϫ 10 5 cells, were incubated with anti-KIR2DL4 mAb 33 for 30 min followed by addition of goat anti-mouse IgG and further incubation for 5 h. cRNA was obtained as described above and hybridized with the same cytokine array.
The pattern of cytokine mRNA expression by decidual CD56 stitutively in decidual macrophages and in decidual NK cells (Table S1 ).
Cytokine Protein Secretion by Decidual and Peripheral CD14 ؉ Macrophages and CD56 ؉ NK Cells. The experiments described above established that only a limited number of the 114 common cytokines represented in the microarray were up-regulated as mRNA under the conditions used and allowed us to focus on this small group of cytokines. Because of the variability in the microarray data, next secretion of cytokine protein by decidual CD14 ϩ macrophages and CD56 ϩ NK cells was measured by using the Luminex bead system (Bio-Rad) after a 24-to 48-h incubation with 721.221 cells or the same cells expressing the HLA-G monomer or HLA-G homodimer; comparable preparations of CD14 ϩ and CD56 ϩ peripheral cells obtained from fresh Leukopaks were examined for comparison (Fig. 2) . Five fluorescent beads coupled to specific antibodies of interest were available for this assay: IL-6, IL-8, TNF␣, VEGF, and IL-10. IL-6 and IL-8 were both secreted in significant amounts from all cell types in the presence of the HLA-G homodimer, but little secretion occurred in the presence of the monomer or untransfected 721.221 cells, particularly in the case of decidual cells. In contrast to the microarray data, statistical significance was obtained in all cases by using three or four experiments with cells from different individuals. However, the amount of IL-6 and IL-8 produced by decidual CD14 ϩ cells was much larger than that produced by decidual CD56 ϩ NK cells, particularly in the case of IL-8. Despite the relatively high level of message for TNF␣, very little TNF␣ was secreted by either cell type at the time point and under the conditions used. Similarly, the HLA-G homodimer induced secretion of a relatively low amount of IFN␥ from both cell types (Fig. 3) , even though no differential expression of its mRNA was observed [ Fig. S1C (44; 6th row, 4th column) and Fig. S3 ]. VEGF was produced by all of the cell populations used, but no specific effect of either of the forms of HLA-G on its secretion was observed. A very low level of IL-10 production was observed with each cell type. (IL-10 was examined because of its importance in immunosuppression and as a negative control.) Antibody Blocking of Protein Secretion. Addition of anti-HLA-G mAb (G9), anti-LILRB1 (anti-ILT2, GHI75) or anti-MHC class I antibody (W6/32) effectively blocked IL-6, IL-8, TNF␣, and IFN␥ secretion induced by the HLA-G homodimer by decidual CD14 ϩ cells but had little or no effect on VEGF secretion by these cells (Fig. 3) . No blocking by the control mAb, anti-KIR2DL4 (mAb 33), anti-class II MHC (anti-HLA-DR), or anti-ILT1 was observed.
Similarly, cytokine secretion by decidual CD56 ϩ NK cells induced by the HLA-G homodimer was appropriately blocked by anti-KIR2DL4, anti-HLA-G, and anti-MHC class I, but not by anti-MHC class II, anti-LILRB1, or anti-ILT1.
Discussion
These data show that the HLA-G homodimer, but not the monomer, induces secretion of the proinflammatory cytokines IL-6 and IL-8 and a small amount of TNF␣ (and probably also IL-1␣, IL-1␤, and IFN␥) from both decidual macrophages and NK cells. VEGF is secreted constitutively. A few other cytokines were found in smaller amounts, but no up-regulation of expression of the vast majority of the 114 cytokine mRNAs found in the microarray used was evident.
The amount of the proinflammatory cytokines secreted by decidual macrophages was much larger than that secreted by decidual NK cells. Much attention has been paid to the secretion of the proinflammatory cytokines described above as well as chemokines and VEGF by decidual NK cells and their possible roles in implantation that involves invasion of EVT into the decidua and in vascular remodeling of the uterine spiral arteries that insures an adequate blood supply to the developing fetus (14, 18-21,) . IL-6 has received particular attention because of its possible role in preeclampsia (33) . However, decidual macrophages that may make equal or more extensive contributions to these and other pregnancy-related phenomenon have been little studied.
Only a little information is available about the signaling mechanisms in decidual and peripheral macrophages and NK cells that lead to cytokine secretion. KIR2DL4 on peripheral NK cells has been shown to be endocytosed together with its reported ligand sHLA-G into an early endosomal compartment from which it signals up-regulation of both proinflammatory and proangiogenic molecules (18) . Whether or not this phenomenon is related to the signaling that occurs in decidual NK cells, which express a much larger amount of surface KIR2DL4, remains to be studied. Moreover, the findings reported here may represent only a fraction of protein whose secretion is induced in these cells by the HLA-G homodimer because other biologically active materials, particularly galectin-1, pregnancy-specific glycoprotein 11, progestagen protein 14 and others (31) have been shown to be differentially expressed at high levels as mRNAs in human decidual NK cells. Protein secretion was also confirmed in the case of galectin-1. The secreted galectin-1 is involved in T cell apoptosis at the maternal-fetal interface in early human pregnancy (34) and appears to play an important role in maternalfetal tolerance (35) . Other secreted proteins may also have important functions in maternal-fetal tolerance or another aspect of maternal-fetal physiology.
LILRB1 and B2 on macrophages have both been known as inhibitory receptors and as having four immunoreceptor tyrosinebased inhibitory motifs (ITIMs; V/LX XXV/L) in their cytoplasmic domains (22, 36) . The enhanced production of cytokine mRNA and protein on stimulation of LILRB1 on decidual macrophages by cross-linking with mAb GHI75 or with HLA-G homodimer was therefore unexpected. However, inspection of the sequence of the cytoplasmic region of LILRB1 revealed that one of the reported ITIMs is an immunoreceptor tyrosine-based Switch Motif (ITSM; SXVXXV) located 3 aa before the C terminus. The occurrence of ITSMs in this location in other receptors has been reported, and that in LILR family members has been mentioned briefly but without further investigation (37) . The adaptors SAP and EAT bind to an ITSM and can convert inhibitory to activating receptors (38, 39) . EAT is expressed in all peripheral macrophages and may be responsible for the activating phenotype of decidual macrophages. KIR2DL4 on decidual NK cells also encodes both an ITIM in its cytoplasmic region and an activating module, in this case an arginine residue in its transmembrane region that associates with the signaling module FcRI␥ (40) . Further studies of control of the signaling potential of these two types of decidual cells are needed.
In addition to membrane-bound HLA-G (G1) a second form of this protein has been described, soluble HLA-G (sHLA-G, G5). This material has been reported to be produced in the fetal placenta and to be secreted into maternal serum (7). However, no biochemical evidence of its occurrence has been reported that might also shed light on the question of whether it is formed by shedding or by alternative gene splicing. Its detection has almost entirely been carried out by ELISA, and questions have been raised about the specificity of this immunological test (15, 16) . In addition, a Western blot was recently reported that showed immunoreactive material of the correct size for full-length HLA-G (Ϸ40 kDa) (17) , mainly present in EVT with far smaller amounts at the basal plate and chorion. The same study used RT-PCR to examine the presence of different isoforms and in particular the amount of G5 message was extremely low, Ϸ1.5% of G1 message. However, this area of research has engendered considerable controversy.
Nevertheless, the possibility that sHLA-G might stimulate peripheral NK cells to produce important factors related to pregnancy has been an important research focus (18) . sHLA-G was shown to induce internalization of the small amount of KIR2DL4 on the surface of peripheral NK cells together with sHLA-G to an early endosomal compartment where signaling was initiated (18) . A profile of up-regulated genes very similar IFN-γ a n t i-K I R 2 D L 4 / a n t i-L I L R B 1 a n t i-I L T 1 a n t i-L I L R B 1 a n t i-M H C C la s s I I a n t i-M H C C la s s I a n t i-H L A -G a n t i-K I R 2 D L 4 I g G is o t y p e c o n t r o l a n t i-K I R 2 D L 4 / a n t i-L I L R B 1 a n t i-I L T 1 a n t i-L I L R B 1 a n t i-M H C C la s s I I a n t i-M H C C la s s I a n t i-H L A -G a n t i- to those observed upon stimulation of human decidual NK cells by 721.221 cells expressing the HLA-G homodimer (but not by those expressing the monomer) was described.
Whether these two systems to induce cytokine secretion are related to each other or not remains to be clarified. Notably, none of the available studies of sHLA-G has reported what fraction of the recombinant sHLA-G produced in bacteria or of the naturally occurring sHLA-G reportedly found in fetal placenta and maternal serum is monomer or dimer. Previously full-length recombinant HLA-G (G1) produced in bacteria has been shown to form the dimer (13) as has sHLA-G (G5) reported to be produced by villous trophoblast (41) .
Two other recent studies have addressed the question of the interaction of EVT with decidual leukocytes. In one of these (14), 721.221 cells transfected with HLA-G were used as a surrogate for EVT together with peripheral monocyte-derived dendritic cells as responders. Thus, in this work, both cells were surrogates, and the phenotype of DC stimulated by LPS is very different from that of decidual macrophages. A very small increase in secretion of IL-6 and IL-10 was observed. In the other study (19) , decidual NK cells were used that were stimulated for 24 h in the presence of IL-15. Freshly isolated decidual NK cells do not polarize the microtubule organizing center and cytotoxic granules to the synaptic region and are not cytotoxic (42) . However, on treatment with IL-15, polarization occurs, and these cells become cytotoxic, a different phenotype from that found in the decidua. An important future goal would be to use freshly isolated decidual NK cells or macrophages together with EVT, the natural cell that may present the HLA-G dimer to its receptors, together with cell-specific costimulatory molecules that may elicit a similar or a distinct pattern of protein secretion.
Materials and Methods
Antibodies. Anti-human isotype controls, anti-LILRB1-PE, anti-CD14-FITC, anti-CD56-PE-Cy5, and anti-MHC class I and anti-MHC class II mAb were all purchased from BD Biosciences. The anti-human monoclonal antibodies, anti-KIR2DL4 33, and anti-ILT1 were kindly provided by Sumati Rajagopalan and Eric Long (National Institute of Allergy and Infectious Diseases/ National Institutes of Health) and Marco Colonna (Washington University School of Medicine, St. Louis, MO), respectively. The anti-HLA-G (G9) mAb was described in ref. 13 .
Human Cells and Cell Lines. First-trimester decidual samples were obtained from patients undergoing elective pregnancy termination at a women's health center in Boston, MA. Lymphocytes from decidual tissue were processed as described in ref. 31 . Briefly, the tissue was minced and digested with 0.1% collagenase type IV and 0.01% DNase I (Sigma-Aldrich) in RPMI medium 1640 for 45 min at 37°C. Released lymphocytes were subsequently purified by using a Ficoll-Hypaque gradient (Amersham Biosciences). Similarly, peripheral blood lymphocytes were isolated from Leukopaks obtained from anonymous donors at Massachusetts General Hospital, Boston, MA. The EBV-transformed B-cell line 721.221 transfected with either the wild-type HLA-G cDNA that forms protein homodimer or a mutant HLA-G cDNA (C42S) that can only form the protein monomer was described in ref. 13 . The monomeric HLA-G molecule was produced by the cysteine to serine mutation at position 42, thereby preventing disulfide bond formation. The wild-type and mutant transfectants have nearly the same HLA-G expression level (13) . Approximately 90% of surface HLA-G in the wild-type transfectant is the dimer. These cells have remained stable since their creation 6 -7 years ago. Approximately 30% of the cells in the mutant transfectant lose expression in 3 months whereas the remaining 70% retain the original expression level. As a consequence, standard G418 selection is used every 3 months to restore the original phenotype of the culture.
Cell Culture. Peripheral and decidual CD14 ϩ and CD56 ϩ cells were cultured in RPMI medium 1640 with 10% FBS. For total RNA isolation, CD14 ϩ cells were incubated for 5 h in the presence of control or anti-LILRB1 mAb and secondary antibody or cocultured with 721.221 or its HLA-G transfectants. Similarly, CD56 ϩ cells were incubated for 5 h in the presence of control or anti-KIR2DL4 mAb and secondary antibody or cocultured with 721.221 or its HLA-G transfectants. For cytokine detection and blocking assays, decidual CD14 ϩ and CD56 ϩ cells were cocultured with 721.221 transfectants expressing dimeric HLA-G in the presence or absence of blocking mAb (10 g/mL), i.e., without adding secondary cross-linking antibodies. All supernatants were collected and stored immediately at Ϫ80°C until cytokines were measured. Each experiment shown represents an average of at least 3 experiments each with an individual donor.
Flow Cytometry. LILRB1 surface expression was assessed by staining peripheral or decidual leukocytes with phycoerythrin (PE)-conjugated anti-human LILRB1 mAb and either FITC-conjugated anti-human CD14 or anti-CD56 mAb. KIR2DL4 surface expression was assessed by incubating peripheral or decidual leukocytes with unconjugated anti-KIR2DL4 mAb for 20 min followed by incubation with PEconjugated goat anti-mouse IgG. Cells were then incubated with PBS containing 20% mouse serum for 20 min and stained with either FITC-conjugated antihuman CD14 or FITC-conjugated anti-human CD56 antibody. Stained cells were analyzed on a FACSCalibur (Becton Dickinson).
Superarray Cytokine Analysis. Total cellular RNA was isolated by using the RNeasy mini kit (Qiagen). Human common cytokine array (SABiosciences Corporation) was used to evaluate mRNA expression of 114 human cytokine genes (see Fig. S1C ). Approximately 3 g of total RNA was used for generating the biotin-11-UTP-labeled cRNA (PerkinElmer) by the TrueLabeling-AMP 2.0 kit (SABiosciences Corporation). According to the manufacturer's protocol, the array membrane was prehybridized for 2 h at 60°C in GEAhyb hybridization solution. The denatured cRNA probe was hybridized with specific DNA probes on the membrane at 60°C for Ͼ24 h. After the washing and blocking steps, membranes were incubated for 10 min at room temperature in 2 mL of binding buffer with alkaline phosphatase-conjugated streptavidin at a 1:8,000 dilution. The signals were developed in CDP-Star chemiluminescent substrate for 5 min. The arrays were exposed to an X-ray film. The images were then analyzed by using GEArray Expression Analysis Suite (SABiosciences Corporation), in which the results were normalized to GAPDH gene expression. Each of the microarray images shown represents one donor and is representative of 3 or 4 experiments.
Multiplex Cytokine Assay. Supernatants collected from coculture experiments were thawed and analyzed by using the Bio-Plex multiple cytokine assay kit (Bio-Rad). A predesigned 6-plex kit that was used to determine the concentration of IL-6, IL-8, IL-10, IFN␥, TNF␣, or VEGF for each supernatant collected. All reagents needed for the assays were provided in the kit, as were the necessary protocols for data acquisition. Data were obtained by using the Bio-Plex manager software program (Bio-Rad) followed by conversion to Excel (Microsoft) for further analysis. Data shown are representative of 3 experiments for CD56 ϩ cells and 4 for CD14 ϩ cells, each with an individual donor. Data Analysis and Statistics. All data are presented as means of 3 or 4 independent experiments performed Ϯ SD. Statistical analysis was done by using the unpaired Student's t test, with a 2-tailed P value Ͻ0.05, Ͻ 0.01, or Ͻ0.001 taken to indicate statistical significance.
